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Abstract 
The microalgae biomass is emerging as a potential source of energy and bioproducts with 
several advantages over conventional crops in terms of its ability to produce ~300-times more 
renewable oil. Microalgae also have a high photosynthetic response, product accumulation 
rate and biomass production rate compared with other energy crops. Microalgae have the 
ability to grow on nonagricultural soil using wastewater instead of drinking water. 
Furthermore, microalgae have high capability to fix carbon dioxide from the environment. 
Microalgae-based bioproducts have different applications in pharmaceuticals, food and feed 
industries, and agricultural and transportation sectors. The key objectives covered in this 
review pertain to the role of microalgae to (i) maintain food chain, (ii) conservation of land 
and water resources in the environment with sequestration of CO2, (iii) production of energy 
in the form of biodiesel with zero waste, and (iv) simultaneous release of higher oxygen to 
the environment compared with other energy crops.  
Keywords: Bioenergy; Biofuel; Biorefinery products; Biomass; Photosynthetic response 
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1. Introduction 
The Earth’s atmosphere during the Cambrian period about 500 million years ago was 
anaerobic and had plenty of CO2 of the level of 7,000 parts per million compared with 400 
parts per million currently in the natural environment. The existence of life on earth was 
started by cynobacteria and microalgae via performing photosynthesis with the release of 
oxygen [1]. These small organisms utilize solar energy to produce their biomass. 
The idea of using microalgae as a source of energy came forward around 50 years ago, but 
real progress started in the 20
th
 century [2]. In contrast of other energy crops, microalgae have 
a number of valuable properties such as high photosynthetic efficiency, high product 
accumulation rate [3], biomass production rate, cellular carbon to nitrogen (C:N) and carbon 
to phosphorous (C:P) ratios [4,5]. Harvesting period of microalgae is very less in few days 
compared with terrestrial plants such as jatropha takes 2-3 years. Some species of microalgae 
can yield up to 70% of lipid as a total weight for the production of oil with simultaneous 
production of biorefinery products include glycerin and fertilizers, which possess industrial 
applications. In addition, microalgae have the capability to produce other valuable products 
such as PUFAs, carotenoids, terpenes and lectins which are presumed as future of a number 
of industries, including pharmaceutical, biotechnology, nanotechnology, feed industry and 
energy industries [6]. 
The production of bioenergy in order to meet environment sustainability is one of the most 
important factors associated with the economic development of the country. Already existing 
reviews [7] of first and second generation biofuels (i.e. those produced from food and non–
food crops, respectively) have shown a number of unsolved problems such as food versus 
fuel, land effect and biodiversity loss debates. In order to overcome those existing problems 
the energy extraction has shifted towards other alternative resources such as waste materials 
includes, waste oils, greases and microorganisms such as bacteria. However, these alternative 
resources are questionable in terms of fulfilling demand for petroleum-based fuels. To 
overcome these challenges microalgae is considered as more satisfactory resources in 
fulfilling demand for petroleum-based fuels and that microalgae are also involved in the 
maintenance of food web, water balance and stop deforestation. Microalgae also help in 
resolving food versus fuel debate associated with food crops, land effect and carbon 
sequestration processes. Furthermore, microalgae have the ability to consume wastewater 
with high nutrients and can be grown on wasteland for their growth in contrast of other 
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energy crops such as jatropha [8]. Thus, negative repercussions associated with other energy 
feedstocks can be resolved with the usage of microalgae as an energy feedstock for 
production of value edit products. 
The aim of this review article is to focus on lipid accumulation and production of algal 
biomass which is a target element for biodiesel production with zero waste outcomes. Thus, 
each unit of energy can be used and recycled for increasing the cost effectiveness of energy 
extraction process. This review also addresses the essential products, benefits of using 
microalgae with providing the related abetment of environment and waste water with the 
possible maintenance of food chain. 
2.    Microalgae 
Microalgae are unicellular and microscopic plants, customarily found in natural and 
marine water. About 0.2 to 0.8 million of microalgae breathe; out of which about 35,000 
species are elucidated [9]. These are considered as primary producers and are able to fix 
nearly 50% of the global carbon (77%) with the production of oxygen, O2 [10].  
Microalgae have many advantages over energy crops and therefore are an attractive 
alternative for energy production. Microalgae are tolerant to environmental stresses such as 
temperature and pH which allow them to reserve more food component (lipids) in the form of 
energy (oil) [11]. One of the most valuable food components of microalga is lipid bodies, 
which turn into oil production that has main application in the transport sector. Many 
countries including Germany, India, USA, China and Japan are using blending of biodiesel 
with conventional fuel in transportation sector [12]. Volkswagen Group has operated vehicles 
with biofuels (B20: 20% biodiesel and 80% conventional diesel) and British Royal run train 
successfully using B100 (100% biodiesel) in 2007 while Eastern Washington ran using B25 
in 2008 (Berkeley biodiesel). In India, many busses in Gandhinagar and some national trains 
such as Jan Shatabdi have run using B5 and B20 in 2004 [13].  
However, the scarcity of existing fuels due to limited reserves is a heightened problem these 
days. Many energy resources such as food and non-food crops as well as waste materials and 
microorganisms have been studied and implemented practically with a number of success and 
failures.  Every resource has its own benefits and obstacles at practical and industrial scale. 
But among all currently available energy resources microalgae seem as a fantastic alternative 
in every respect due to its high product yield rate in the form of biofuels than other energy 
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crops and microorganisms [14]. Moreover, microalgae do not compete with the demand for 
food, water and land for their cultivation. Additionally, microalgae are also involved in the 
carbon neutral process of biofuel production and emission which maintains carbon cycle in 
the environment. Thus, switching toward microalgae than other energy crops and 
microorganism can fulfil today’s fossil fuel demand with providing a solution of existing 
problems. In spite of this, the added advantages may also include the regional and rural 
development of nation with the cultivation of microalgae on waste land with the use of waste 
water which would not affect natural resources. Consequently, the complete output of using 
microalgae may come in the form of energy supply and socioeconomic welfare of developing 
a country.  
2.1 Diversity in cellular composition of microalgae 
  Compositions of microalgae alter over a wide range of modification during its 
cultivation and species used. Microalgae mainly have an unusual proportion of carbon, 
hydrogen, nitrogen and phosphorous etc. Mostly algae contain the following composition: 
CO0.48H1.83N0.11P0.01 [15] and have various constituents primarily, including protein (30-
40%), lipid (10-20%) and carbohydrate (5-15%) during early stationary phase with high 
nutritional index in contrast to other energy resources, for example,  Chlorella has high 
protein content (58gm/100gm) compared with wheat (13gm/100gm), chicken (24gm/100gm) 
and fish (18-24gm/100gm). Each group of microalgae yields a different proportion of 
hydrocarbon, lipids, and proteins, as listed in Table 1. The high degree of agglomeration of 
the specified products in microalgae can be achieved by changing the chemical composition 
of cultivation medium and environmental factors such as temperature, illumination, pH, CO2 
supply, salt and nutrients for high lipid (targeted element for biodiesel production) yield for 
biodiesel production. Thus, the demand of microalgae is continuously increasing due to its 
high nutritional value like the use of microalgae as food supplements for fishes in 
aquacultures and for swine and chickens in poultry. Currently, many producer companies 
such as Blue Biotech (Germany), Soliance (France) and BioReal (Sweden) are supplying 
microalgae products in the form dietary substitute (Chlorella, Spirulina and Astaxanthin), 
cosmetic products, anti-inflammatory products and slimming products in the market. Thus, 
the continuous bloom of microalgae in future may fulfil the demand of essential components 
of food, feed, energy, pharmaceuticals and cosmetics.  
2.2 Lipid content of microalgae 
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The lipid is the main component of algal biomass for production of oil/biodiesel [19]. 
High lipid content reflects high biodiesel production from microalgae cell. Different species 
of microalgae have different amounts of lipid in contrast with other plants, as given in Figure 
1. Certain microalgae usually achieve high lipid content under stress conditions such as limit 
of nitrogen [20], phosphorous [21], iron [22], salinity [23], silicon [19], effect of light [24], 
and effect of temperature [25]. Under these stress conditions, they can store up to 72% of 
their weight as lipids that transesterified to produce biodiesel, which can be sold for use in 
automobiles [26]. For instance, Scenedesmus species (sp.) of microalgae show 43% of dry 
weight (dw) and >30% of dw lipids in a deficiency of nitrogen deficiency and phosphorous, 
respectively [27]. Chlorella vulgaris showed 40% and 56.6% dry cell weight (dcw) lipid 
contents when cultivated in medium with low nitrogen and iron supplement, respectively 
[22]. The increase in temperature can also increase lipid content in microalgae for example in 
N. oculata, shows 7.90-14.92% increase in lipid content during high-temperature condition 
during its cultivation. The cultivation temperature of algae can also change the fatty acid 
profile, for example, a temperature below 20 ºC increases eicosapentaenoic acid (EPA) rather 
than to increase free fatty acid [28]. Thus, 20–30% of lipid content can be easily induced in 
different species of microalgae under different stress conditions [11]. 
Nitrogen is considered as crucial material for protein synthesis, but its starvation during the 
cultivation condition is accompanied by the curtailment in the structure of a small subunit of 
RuBisCO enzyme which is required for protein synthesis [29]. Thus, alteration in RuBisCO 
due to nitrogen limitation causes inhibition of protein, which allows main carbon resource 
flow to synthesize more lipids via accretion of enzyme acetyl-CoA carboxylase involved in 
the first footstep of lipid biosynthesis [30]. However, some species of microalgae such as 
Nitzschia closterium and f. minutissima accumulate lipid under nitrogen limited stress, via a 
decrease in soluble protein instead of increasing ACCase enzyme activity [31].  
Algae can be grown in a combination of altered conditions to increase in lipid yield [32] such 
as Haematococcus pluvialis yields, 34.85% (dw) total lipid, when grown under continuous 
elevated light intensity with altered nitrogen conditions [33]. 
Lipid accumulation in microalgae also depends on upon its growth phase. For instance, lipid 
content during limit of nitrogen in N. oculata during diverse growth phases such as 
exponential, near the beginning of stationary and end of stationary phases were accounted for 
30.80%, 39.70% and 50.40%, respectively [33]. During the end of the stationary phase, the 
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highest yield of lipid is recorded due to the production of non-growth associated product 
formation. Non-growth associated product formation related to maximum rate of metabolism 
with zero growth rates due to lack of at least one necessary substrate in medium, which 
causes the highest accretion of the product rather than increase in growth of cells during the 
late stationary phase. 
Besides the factors noted above, the type of cultures (autotrophic and heterotrophic) may also 
affect the lipid production in microalgae [34] such as heterotrophic cultures are more 
consistent than autotrophic cultures because they give high cell density and yield due to its 
independence on the light. Chlorella sp. produces high cell density (51.2 g/l) in heterotrophic 
culture condition which is ten times higher than autotrophic culture cell density [18], While 
heterotrophic Chlorella protothecoide yield 55.20% dw lipid, which is about 3-4 times higher 
than autotrophic Chlorella protothecoide (14.57% dw lipid). 
All the above-discussed conditions allow microalgae to accumulate a notable amount of lipid 
to contribute to relatively higher biodiesel production. Microalgae come across as a better 
option for biodiesel production in contrast of other crops such as jatropha. Its ability to grow 
and yield sufficient lipid in under of natural, artificial as well as in stress environmental 
condition, make them an incredible choice, In contrast, other energy crops need controlled 
conditions to give output. Additionally, the lipid content of microalgae has significant 
characteristics include saturated and polyunsaturated fatty acids (PUFAs) both which can be 
used in a different application in the feed as well as in energy generation etc. Many species of 
microalgae have the capability to produce long chain PUFAs in contrast of higher plants, this 
increases its demand in food and feed industry. Hence, high lipid content is associated with 
the various aspects such as biodiesel production and other applications include food and feed 
additives.  
2.3     Lipid synthesis in microalgae 
            Microalgae are a photosynthetic microorganism, possessing the capability to convert 
CO2 into sugars, which use to produce acetyl-CoA (coenzyme A) by following more than one 
pathway. Acetyl-CoA behaves as the originator in the fatty acid synthetic pathway which 
takes place in chloroplast. Fatty acids are basic units of many cellular lipids including 
triacylglycerols (TAGs) commonly known as oil bodies. In fatty acid synthetic pathway, a 
multifunctional enzyme complex, i.e. acetyl-CoA carboxylase (ACCase) plays an important 
role by producing malonyl-CoA from acetyl-CoA and bicarbonate. Finally, these fatty acid 
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moieties enter into the endoplasmic reticulum (ER) for glycerolipid synthesis. TAGs 
synthesis in microalgae varies due to alteration in enzymes activity (ACCase) involved in 
TAGs synthesis pathway [35]. In further steps, TAGs are formed by the sequential acylation 
of glycerol-3-phosphate (G3P) backbone with three acyl-Co-A, in ER. The TAGs 
accumulated in a specific domain of ER, which buds out from the ER forming distinct 
cellular organelles.  
Depending upon the species of microalgae the TAGs content yield may vary. Microalgae 
may yield high TAGs amount due to its high surface area to volume ratio in contrast to other 
energy crops. This ratio leads to more nutrients uptake rate and enhances acquisition of 
desired product such as lipid/TAGs for biodiesel production. Additionally, this ratio also 
provides microalgae to tolerate the environmental stresses, which make them an attractive 
alternative for energy extraction than other terrestrial plants.   
2.4 Production of biofuel/oil from microalgae 
Microalgae are popular for their biofuel/oil producing efficiency in contrast to other 
plants, as seen from the yield data presented in Table 2. On account of this positive aspect, 
they have emerged as a viable alternative to produce diesel/petroleum fuels. The purpose of 
this review is to provide the idea of microalgae energy content in the form of oil/biodiesel 
and other valuable product with the solution of existing problems related to other energy 
resources. The oil content of microalgae is directly proportional to the amount of lipid 
content, which can be enhanced by many ways as discussed earlier. Different species of 
microalgae can increase oil yield up to 90% under stress condition. It is being expected that 
by 2030, oil consumption will be increased to 106 million bbl/day [36]. None of the existing 
resources except microalgae are capable of fulfilling this growing demand. It is being 
expected that algal biofuels have the potential to replace a significant portion of the total 
diesel used today. Many companies Algenol and PowerFuel.de in USA and Germany, 
respectively, are producing algae-based oil to fulfil the demand of fossil fuel. Hence, 
implementation of new technologies and ideas are required in practice to increase more oil 
production which may promote the biodiesel production in future to replace existing fuel. 
Production of biodiesel from microalgae involve many successive steps [38]: (i) Lipid-rich 
algal biomass production, harvesting and drying, (ii) Cell disruption and extraction of oil 
bodies (TAGs), and (iii) Transesterification.  
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2.4.1 Lipid-rich algal biomass production, harvesting and drying 
Microalgae can be harvested every day [3] in contrast to other food and non-food 
crops. Microalgae require CO2 as the one of the main utilizable element for aggrandizing its 
growth [39]. Microalgae have the capability to take CO2 from many sources such as industries 
with simultaneously abating its wicked effects [40]. Their water requirement can be met from 
wastewater from different antecedence as their growth substitute in media, with 
simultaneously treating it. Consequently, this can give cost effective outcome for oil 
production process from microalgae [41]. In addition to this microalgae require a particular 
wavelength of light energy for photosynthesis. Microalgae require light energy absorption at 
700 nm and 680 nm in Photosystem II and Photosystem I, respectively. Both the quality and 
quantity of light are important for the production of biomass. 
Thus, the production of the algal pool can be achieved by combining all criteria (water, CO2 
and light). For the economic production of algae the open type systems such as raceway ponds 
as well as the closed type system such as photo-bioreactor, an advance machinery utilized in 
many counties especially in Australia, India, Israel, China, European Union and U.S. [42]. 
Closed type systems (photo bioreactor) are utilized more due to some advantages over open 
type system [43]. They require minimum area as in the case of photo-bioreactor (5681/m
2
) in 
contrast to open pond system requires high area 7828/m
2 
[11]. High oil yield (78.20m
3
/ha) 
achieved in the case of the closed system due to high nutrients utilisation rate, while in the 
open pond system have 56.80m3/ha oil yield [11]. The use of cell immobilization techniques 
and open ponds lead to low production of biomass due to lack of turbulence/mixing. 
Moreover, scale-up process is easier and maintained sophistically in the case of a closed 
system than open pond system. Chances of contamination from grazers and other protozoans, 
which eats up microalgae and causes reduction in their number is less in a closed system [44].  
Hence, closed types of system or photobioreactors are assumed as more flexible and 
advantageous than open type systems and cell immobilization techniques for cultivation of 
microalgae. These systems also have some drawbacks such as oxygen accumulation and the 
cost of cultivation that need to be resolved.  
In present scenario none of the existing systems seems as a promising candidate for pilot 
scale technology, so to overcome the drawbacks of existing systems there is an urgent urge 
for developing new technologies or approaches in this regard. The challenges taken up by 
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scientists to overcome these negative repercussions include the usage of mass scale algal 
cultivation along with genetic/molecular engineering approaches.  
Photo-bioreactor: A photo bioreactor is a glass unit, packed with all essential conditions 
needed for growth of biomass (Figure 2), which supports the growth of microbial cells 
including microalgae in an artificial atmosphere [45]. The extraction process of oil from algae 
biomass takes place in ionic liquid/nutrient media within reactor [46]. However, before 
running this kind of system, many aspects need to be optimized such as the balance between 
depth of culture (path length of light), turbulence and concentration of biomass for high 
productivity. 
The prime demands for high yield in photo-bioreactor are turbulence or stirring, which 
provides the homogeneity within the culture by reducing the formation of biofilm and 
removal of oxygen that is continuously produced by algae after photosynthesis [47]. The 
balance between oxygen and CO2 concentration within the reactor is a very crucial condition 
for the growth of algae because the high concentration of oxygen in reactor starts 
photorespiration instead of photosynthesis by interfering the oxygenase activity of RuBisCo 
enzyme. Besides that high concentration of O2 in the reactor may also halt the nitrogen fixing 
ability of algae by inducing photooxidation and photoinhibition. Hence continuous supply of 
CO2 is very important with the elimination of O2 in the reactor for the sufficient growth of 
algal biomass.  
High Productivity and cells density in the reactor are achieved at high turbulence because 
almost every cell gets the uniform stretch of exposure of nutrient in contrast of cell 
immobilization technique and open ponds. The high efficiency of reactor comes from high 
productivity, 2-4% actual observed efficiencies of photo-bioreactors have been noticed with 
voluminous culture [44]. Hence, it can be concluded that closed type systems are more 
flexible than open type systems in terms of productivity and handling.           
After growth of microalgae, another step involves harvesting of microalgae, which play an 
important role to achieve desired product. This can be achieved by various methods, which 
include sedimentation, centrifugation, filtration and flocculation. Here the following question 
arises: which method is most acceptable and applicable among all? Many researchers have 
analyzed different methods for harvesting of microalgae and concluded the following 
different opinions. For example, Pragyaa et al. [48] observed that sedimentation combined 
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with flocculation is efficient among simple sedimentation, filtration and flocculation. Later, 
Young et al. [49] have experimentally proved that new modified nanoparticle engineering 
based method for microalgae cell harvesting is more efficient than sedimentation, filtration 
and flocculation.  
Therefore, the key results of various studies have shown that the choice of harvesting method 
depends on the species of microalgae used for cultivation and cost criteria of energy 
extraction process. 
After harvesting microalgae biomass the next step involves cell drying, which can be 
performed by various methods such as sun drying, freeze drying, lyophilization, heat/oven 
based drying, and spray drying. However, every method has its own advantages and 
disadvantages. For example, Mata et al. [50] have concluded that sun drying and drum drying 
are not effective and economical methods, respectively. On the other hand, heat or oven 
drying takes more energy input and lyophillization and freezing are considered as effective 
but costly methods. 
Concas et al. [51] and Al-hattab et al. [52] explained the selection of the methods for cell 
harvesting and drying depends on various factors such as the types of species, maintenance of 
culture, time and re-utilization of media and suitability for industrial scale. The method 
suggested by Kim et al. [53] is based on chemicals (Fenton’s reactant), which may or may not 
be the best possible in certain situations. Moreover, chemical-based methods appear to be 
good for scaling-up at industrial level and less energy consuming methods. The cost of the 
chemicals used in above-mentioned methods at industrial scale can be derived using the local 
costs of different chemicals such as ferrous sulphate heptahydrate (usually about US$ 88-
105/ton) and hydrogen peroxide (usually about a US$ 400-450/metric ton) which could vary 
in different part of the world. 
In summary, it can be concluded that none of the methods is completely efficient for 
harvesting and drying of microalgal cell. There is currently a need to stimulate the 
development of new technologies and methods to perform microalgal cell harvesting and 
drying.  
2.4.2 Cell disruption and extraction of oil bodies 
Microalgal cell disruption for the release of oil bodies and cellular components can be 
done by several methods, including ultrasonic assisted method, press machine, chemical 
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method, supercritical fluid, enzymatic method, microwave, autoclaving, bead beating, 
osmotic pressure method, soxhlet method and homogenizer. Cell disruption of microalgae 
seems as a very crucial step in biodiesel production process. Sometimes lipid extraction may 
fail due to improper cell disruption and selection of inappropriate lipid extraction method. So 
the main question arises here, that which cell disruption method is more appropriate and 
gives excellent results in cell blast? In the context of cell disruption, numerous studies have 
offered contrasting opinions. For example, Mata et al. [50] and JaeYon et al. [54] reported 
that microwave oven method is one of the simpler and powerful methods among autoclaving, 
osmotic shock and bead beating for microalgal cell explosion. Later, Prabakaran and 
Ravindran [55] observed ultrasonication as most efficient method among microwave, 
homogenizer and bead beating methods for microalgal cell disruption. 
On the basis of already existing reviews and research papers, it can be concluded that 
currently available methods and technologies are not very efficient and standard for 
microalgal cell disruption. This needs further development of new cost-effective technologies 
and improvement in existing methods for efficient cell breaking. 
After cellular breakdown process of microalgae, oil bodies and other cellular components are 
released into the environment that needs to be separated and extracted. Hence, the most 
common and applicable extraction method is solvent extraction method, which includes 
organic solvents such as hexane, dichloromethane, chloroform and toluene [56]. Two most 
commonly used solvents include chloroform and methanol among all for extraction of lipid 
are used by Folch et al. [57] and Bligh and Dyer [58]. These methods extract lipids 
incompletely, basically free fatty acids. It also extracts a significant amount of non-
saponifiable and non-nutritive material such as pigments. A number of new and advanced 
methods have been introduced by modifying existing methods for extraction of oil bodies 
from microalgae. For example, Ramluckana et al. [59] have used single, binary and more 
than two organic solvents at a time for extraction of oil bodies while Boutekedjiret et al. [60] 
presented the use of green bio-solvents (terpenes) extracted from aromatic plants.  
2.4.3 Transesterification 
            TAGs or oil bodies have to undergo for transesterification to form biodiesel. 
Transesterification process comprises of methanolysis or ethanolysis in which the fatty acid 
methyl esters (FAMEs) forms. These are conjointly called biodiesel, produced by activation 
caused by either an acid or a base and attack by alcohol causes cleaving of an ester bond. The 
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transesterification process requires catalysts, which can be acidic or alkaline in nature (Table 
3). These catalysts have their own advantages and disadvantages. Acid catalysts can 
transesterify both complex lipids and free fatty acids, while basic catalyst cannot esterify free 
fatty acids. The problem associated with the acid catalyst is that it requires more reaction time 
than a basic catalyst with the additional requirement of heating [61]. To overcome these 
hurdles some complementary approaches are reported. For example, Lepage and Roy [62] 
used both acid and base catalyst together with alcohol. Later, Carrapiso and Garcia [61] used 
a combination of a basic catalyst in methanol, followed by an acid catalyst.  
Transestrification reaction can also be performed with the use of hetrocatalysts [63] such as 
oxides of zinc and aluminum. The complex catalyst increases the overall cost of biodiesel 
production, and hence many counter scale up processes uses catalyst free and single step 
transesterification to lower down the process cost. 
The efficient transesterification takes place in the absence of water because the presence of 
water mimics the rapidity of reaction [38, 63]. The presence of water moiety causes 
hydrolysis rather than esterfication, due to it high electron donating capacity than methanol or 
ethanol. Therefore, use of the dry sample or a water hunters such as 2,2-dimethoxypropane is 
added to avoid hindrance by water. Furthermore, pretreatment of lipid moiety for the 
presence of free fatty acids content is required as it may also slow down the reaction rate 
[38]. 
Transesterification is a crucial reaction to produce biodiesel from different resources 
including algae. This process plays an important role toward cost-effectiveness [64]; glycerin 
(more than 98% by weight of glycerol content) is a side product that is produced after 
transesterification process. This product is used by many industries as substrate or it can be 
recycled back to algae cultivation system to support growth.  
2.5 Oil content of microalgae   
Microalgae require an adequate amount of CO2 and proper intensity of light to 
provide the sufficient fruitage in the form of oil [42]. Microalgae have the highest efficiency 
to convert solar energy into biomass or chemical energy, which varies between 5.5 and 
11.6% [63]. This energy conversion processes of microalgae help to fix CO2 into metabolites 
or oil. Earlier, investigators have suggested that algal-based oil in the conversion of solar 
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energy into biomass is highest by at least one order of magnitude than other conventional 
crops based oil [67].  
Other energy crops such as soybeans, palms, rapeseed or jatropha, produce 300-times lesser 
oil per hectare than algae [68]. Microalgae can yield 182,000 lit/ha oil annually [69]. Some 
species of microalgae can produce high oil than other crops as given in Table 4. Under stress 
conditions, oil yield can be increased up to 90% depending upon the species [11]. Another 
approach for enhancing oil production from microalgae is genetic and metabolic engineering 
at the molecular level. The molecular level engineering can be used probably to improve 
photosynthetic efficiency [70], intensify biomass production rate, modification in 
transcriptional factors associated with the enzymes involved in TAG synthesis pathway [71]. 
For example, in Chlamydomonas the nuclear and chloroplast genome engineering achieved 
by transforming a piece of DNA into microalgal genome through agrobacterium based vector 
and bombardment techniques [12]. In Cyclotella, upgraded activity of ACCase enzyme by up 
to 3-times is achieved for more lipid production by manipulating its genome [72]. Thus, 
algal-based oil exists as a compromising alternative which has the capability to replace 
petroleum-based fuels and fulfil the demand for existing fuels. 
2.6  Products of microalgae 
Microalgae are more promising and significant source of sustainable bioproducts [82] 
than other feedstocks (Table 5). These sustainable bioproducts include metabolites, which 
can be stored as their reserve food for periods of starvation. One of the most sophisticated 
metabolic products of microalgae is PUFAs and vitamins which are an essential fatty acid of 
human diet [83, 84] and used for therapeutic purposes. PUFAs have a different class of fatty 
acids, one of the important class among these are Omega-3 fatty acids. Fish oil has a high 
amount of PUFA content (omega-3 FA) [85], but the accretion of omega-3 fatty acids in 
Fishes take place by consuming microalgae in Aquaculture through diet transfer process. 
These omega-3 (PUFAs) fatty acids can also be included in the human diet directly from the 
microalgae. Many producer companies in the USA, China and Germany produce 3000 and 
2000 t/year of Spirulina and Chlorella respectively in the form of powder and tablets as food 
supplements. Microalgae Chlorella (62.8±2.5%) and Cadophora fracta (50.9%) are known to 
have a good amount of PUFAs, [9] which is mainly used in feed industries or aquaculture. 
The other popular products of microalgae include glycerol produced parallel with biodiesel 
have more than 1500 known applications [15]. Some species of microalgae such as Nostoc 
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and Hapalosiphon also used in the agricultural field as biofertilizer to promote growth. Thus, 
microalgae have reasonably more applicability in different industries due to their production 
of numerous value-added products. 
3 Are microalgae a solution to food versus fuel as well as land effect and 
environmental imbalance debates? 
The major issues raised due to the extraction of energy from energy crops include 
driving up food prices, deforestation and exertion of land resource [93]. The compelling 
chunks of the universe are now diverted from food to energy generation that leads to the 
grave in the food supply. Food and Agric. Org. (FAO) of United Nations estimated that more 
than 805 million people in the world are dropping due to appetite and dietary deficiency in 
the year of 2012-2014 [94]. In addition, the environmental imbalance is being created due to 
the continuous subsidence of drinking water and excessive use of pesticides and fertilizers on 
agricultural land.  
Increase in ethanol production in the USA from corn was responsible for 1.2% points of the 
43% increase in world food prices during March 2007-2008 [95]. Also, International 
Monetary Fund characterized that half of the increases in the global food prices was due to 
biofuel production in 2007-2008. However, Rosegrant et al. [72] has estimated that the 
continuous biofuel demand contributed to 30% of the increase in maize prices between 2000 
and 2007 as compare to earlier. Furthermore, they also reported that the universal increase of 
biofuel demand would lead the increase in the prize of wheat by 8-20%, maize by 26-72% 
and sugar by 12-27% by the end of 2020. Fischer et al. [96] reported that continuous 
expansion of biofuel would increase the prices of cereal and grains by 10% at the end of 
2020.  
In Malaysia, the production of palm-based biodiesel caused replacement of Borneo’s jungle 
by palm plantations [93]. In the USA about 90% of bioethanol was produced from maize [97] 
and 23% of corn use to produce ethanol individually. Furthermore, about 92.9 million acres 
of corn was planted in 2007, but 1/3
rd
 of it was used for bioethanol production which has 
caused abrupt rise (73%) in the price of corn in 2007-2010 [93]. This continuous rise in food 
prices due to fuel production may be catastrophic in future and can affect food demand to the 
increasing population of the nation. 
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Another problem associated with the biofuel production from energy crops are continuous 
shrinkage of cultivable land. Total cultivable land in Europe includes 164 million hectares out 
of which 76 million hectares are permanent grassland. In 2000, about 4.3 million hectares of 
cultivable land was diverted toward bioenergy producing crops which have initiated a debate 
in the country associated with the land effect and increased food prices.  
In 1988-89, the total cropping land of India was 185.142 million hectare (mha) which fell by 
2.76 mha in the year 2008-09 [98]. In the year 2003-04, total cropping land was 183.19 mha 
which fell by 0.80 mha to 182.39 mha in 2008-09 [98]. In 2010-11, total cropping land was 
left 182.00 mha, with an overall decrease of 406,000 hectares in between 2008-09 to 2010-11 
(Figures 3 and 4). 20 out of the 29 states of India showed a decrease in cropping land in 
2008-09, which was pegged at 790,000 ha [99]. Only five states of India (Gujarat, Manipur, 
Mizoram, J& K and Arunachal Pradesh) showed the increase in cropping land at 384,000 ha 
in between 2008-09 and 2010-11 (Figures 3 and 4). Three states (Assam, Sikkim and Goa) 
showed no change in cropping land area. Gujarat [100] and Manipur had 6.13 and 0.354 mha 
agricultural land in 2008, these two states of India showed the highest increase 203,000 ha 
(3.31% ) and 113,000 ha (3.19%), respectively, in total cropping land in between 2008-09 
and 2010-11 (Figures 3 and 4). Odisha and Haryana [101] had 6.18 and 3.7 mha  in 2008; 
these two Indian states have shown a decrease of 260,000 ha (4.20%) and 65,000 ha (1.76%) 
in total cropping land in between the year 2008-09 to 2010-11 [99] (Figures 3 and 4). Uttar 
Pradesh, West Bengal, Punjab and Andhra Pradesh lost 0.208%, 0.564%, 0.33% and 1.29% 
of total cropping land between 2008-09 and 2010-11[102] (Figures 3 and 4). On the other 
hand, Jammu & Kashmir, Mizoram and Arunachal showed an increase of 1.76%, 0.427% and 
0.00052% in total cropping and between 2008-09 and 2010-11 (Figures 3 and 4). 
To resolve the problem of shrinkage of land for non-agricultural purpose, the centre of the 
agricultural board in India, under its 2007 policy, has suggested the development of waste 
land utilization projects to save cultivable land for agriculture. Algae-based biofuel 
production projects have thus been suggested as a partial solution to this problem [103] 
because algae can be grown on wasteland with high salts concentration, dry land and nutrient 
death land.  
Algae require less than 2-13% of total agricultural land for production of biofuel to 
compensate all petrol-based fuel demand than other fuel producing a crop (Figure 5). This 
does not compete with the utilization of chunk of land for the cultivation of food crops [94]. 
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Added advantages include the increased fertility of infertile or less fertile soil after cultivation 
of algae for the purpose of other energy crops to grow. 
 In addition, one of the serious issues related to the other energy crops is an environmental 
imbalance which includes high toxic air amount, a high concentration of heavy metals in 
water bodies and food web etc [104]. Microalgae a renewable biomass feedstock which is 
considered as an environmental regulator in terms of carbon neutral energy production, also 
have the capability to maintain environmental balance, water balance and food web. For 
instance, Spirulina platens is a microalga has the highest capacity for removal of Cadmium 
from water [105] and other species of microalgae such as Scenedesmus quadricauda, 
Pseudochlorococcum typical are involved in the removal of mercury, cadmium and lead 
[106]. Bioaccumulation and biomagnifications of these toxic chemicals at tropic level cause 
damage to a number of enzymes and cause displacement of essential elements from proteins. 
Microalgae consume less drinking water or can use sea and waste water for production of 
energy in the form of biofuel than other energy based crops [5]. They also have efficient 
contaminant removal rate, which allows the treatment of waste water with simultaneous 
production of energy. The cost effective high rate algal ponds (HRAPs) developed for 
wastewater treatment [107] and removal of nutrient in the form of their biomass for energy 
extraction [108]. Microalgae can reduce carbon and toxicity in air at a high rate than other 
crops such as corn and switchgrass [109]. The CO2 liberated in algae-based fuel combustion 
process gets counterbalanced by the CO2 taken by the newly sowed ones to replace harvested 
ones (Figure 6). Moreover, microalgae require more fossil-based carbon to produce the same 
amount of bioenergy as other crops [109]. This quality makes microalgae efficient in 
capturing the carbon in the form of CO2 from other sources such as industries and power 
plants which help to save carbon credits [5]. Thus sequestration of carbon is high in case of 
microalgae than other terrestrial crops due to high C:N ratio.  
4         Conclusions and future outlook  
             The harmful environmental effects associated with fossil fuel combustion and its 
increasing prize due to high demand and limited availability are the global concern, which 
needs to be addressed by developing new technologies for the production of alternative fuel 
to fulfil growing demand for oil. To overcome these challenges, in contrast to other terrestrial 
plants the scientists have identified microalgae as an environment-friendly alternative to fulfil 
the demand of fossil fuel. This review article describes different energy components such as 
lipids, oil and other sustainable products of microalgae for the future world. In terms of its 
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potential, microalgae produces greater amount (over 300-times than other energy crops) of 
biofuel, which could fulfil the growing international demand for fossil fuel. In addition, 
microalgae seems a viable, economic and cost effective alternative than other energy crops 
through its contribution in a multifunctional way, e.g., treatment of waste water, mitigation of 
CO2 and energy delivery. The multipurpose usage of microalgae for production of biofuel / 
energy may support the socioeconomic welfare of growing population. Summary of the key 
benefits of microalgae along with respective application areas is provided in Table 6. 
Microalgae have the capability to produce bio-sustainable products, which do not appear to 
compromise on human’s right to food, water and health and do not disturb the environmental 
resources. The large-scale production of energy in the form of fuel from other existing 
resources such as Jatropha plantations in developing countries is infringing the rights of local 
farmers, farm workers, landholders and vulnerable populations. Regional production of 
microalgae and processing into oil and other valuable products may provide economic 
benefits to rural communities in terms of value added chain. Moreover, if the algae-based 
energy production continues to blossom around the globe, the agricultural sector would 
remain unaffected because algae production neither require cultivable land nor the fresh 
water resources.  
The microalgae-based products have potential to emerge as the future resource for number of 
industries such as automotive, pharmaceutical (antibacterial, antibiotics, peptides and 
cytokines etc.) biotechnology, nanotechnology (carrageenan, algae-based silicon chips), feed 
industry (algal meals, fish feeds or animal feeds), energy (bioethanol and biodiesel), chemical 
(aligns, agar) and food industries such as protein-rich food products. Thus, the utilization of 
algae for energy extraction may emerge in the form of increased human developmental index 
(HDI) due to its positive impacts on human food and nutrition, health products, employment 
and monetary value. This is also expected to enhance the sustainable environmental impact 
through optimum land and water utilization for generation of renewable energy. 
The key conclusions drawn from this review are as follows: 
 Microalgae have become main economically feasible microorganism to fulfil the demand 
of petrol-based fuels with minimum impact on land, drinking water and the environment.  
 The use of microalgae for multifunctional large spectrum biorefinery products delivery 
along with the recycling of waste and raw materials result in a cost-effective and zero 
waste production outcomes which causes less pollution.    
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 Microalgae help to maintain food chain, conservation of land and water resources. This 
also results in sequestration of CO2 and treatment of waste water, which puts less stress 
on the agricultural land use, drinking water utilization and the environment.  
 The successful collaboration of new technologies is likely to accelerate the usage of 
algae for research and development which may fulfil the main objective of developing 
countries by the availability of fuel at low cost with the establishment of a number of 
industries and job creation. 
In contrast to the potential benefits listed as above, it is felt that future efforts would be 
required to overcome the cost and disadvantages related to the existing systems for small and 
large-scale production of microalgae. It might be solved with the integration of sequestration 
of CO2 from industries and use of waste water, fertilizers and recycling of the produced 
waste. Furthermore, cheaper systems with recycling facilities, automatic control and 
minimum labor could be designed for this purpose. Advancement in technologies for 
microalgal cell drying, harvesting and disruption is also required for efficient biodiesel and 
energy extraction. We have already mentioned in different sections / subsections that existing 
approaches are not very simple, efficient and inexpensive, which prompt to have new 
hypothetical ideas related to cell drying harvesting and disruption. For example, the simple 
and hypothetical approach related to cell drying may include the construction of wooden box 
supplied with hot air, which may give some economically feasible results in future. This may 
resolve the problems associated with other existing methods such as sun drying which is the 
most simple and inexpensive method but has certain limitations, such as it results in 
deterioration of cell components. However, Kim et al. [53] have observed the cell harvesting 
and disruption can be achieved with the use of chemicals which can give more than 99% of 
cell harvesting and disruption efficiency. As argued by Concas et al. [51] and Al-hattab et al. 
[52] the selection of the methods for cell harvesting and drying depends on a variety of 
factors such as the types of species, maintenance of culture, time and re-utilization of media 
and suitability for industrial scale.  
Extensive research using the new technologies such as genetic engineering and media 
engineering may result in significant increase of the yield of microalgae in the form of 
biofuels and other energy products. Ultimately, this may lay a foundation to establish a 
number of industries for its large scale production, extraction and processing, which could 
play an important role in the socio-economic development of developing countries and 
emerging economies such as India. 
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Figures with captions 
 
 
 
Figure 1. Average lipid percentage of dry weight of different microalgae species in contrast 
of some terrestrial plants*. 
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Figure 2. A design of photo-bioreactor for production of algal biomass.  
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Figure 3. States of India showing decrease and increase in total agricultural land (hectares) for 
nonagricultural purposes during the year of 2007-08 to 2010-11. 
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Figure 4.  The States of India showing the percentage of decrease and increase in total 
agricultural land for nonagricultural purposes during the year of 2007-08 to 2010-11. 
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Figure 5. Oil yield and land requirement by microalgae and other energy crops. Microalgae 
1* refers to 40% oil (% dry weight) in biomass and Microalgae 2* to 20% oil (% dry 
weight) in biomass (adapted from {16]).  
35 
 
 
 
Figure 6.  A carbon neutral process of microalgae to balance the amount of carbon in the 
environment. 
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Tables with captions 
 
 
Table 1. Chemical composition of algae expressed on dry matter basis. 
Strains Protein (%) Carbohydrates 
(%) 
Lipids (%)  References  
Scenedesmus obliquus 50-56 10-17 12-14 [16] 
Scenedesmus quadricauda 47 - 1.9 [17] 
Scenedesmus dimorphus 8-18 21-52 16-40 [16] 
Chlorella vulgaris 51-58 12-17 14-22 [17] 
Chlorella pyrenoidosa 57 26 2 [17] 
Spirogyra sp. 6-20 33-64 11-21 [16] 
Dunaliella bioculata 49 4 8 [17] 
Dunaliella salina 57 32 6 [17] 
Euglena gracilis 39-61 14-18 14-20 [17] 
Prymnesium parvum 28-45 25-33 22-38 [17] 
Porphyridium cruentum  28-39 40-57 9-14 [18] 
Spirulina platensis 46-63 8-14 4-9 [16] 
Spirulina maxima 60-71 13-16 6-7 [17] 
Synechoccus sp. 63 15 11 [18] 
Anabaena cylindrical 43-56 25-30 4-7 [18] 
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Table 2.  Yield of different crops and microalgae oil. 
Serial No.  Oil producers Oil yield (liters per hectare) References  
1.  Microalgae 1,00,000 [18] 
2.  Castor 1413 [18] 
3.  Coconut 2689 [18] 
4.  Palm 5366 [18] 
5.  Safflower 779 [18] 
6.  Sunflower 952 [18] 
7.  Jatropha 741 [37] 
8.  Canola 974 [37] 
9.  Corn/maize 172 [37] 
10.  Soyabean 636 [37] 
   
 
 
Table 3. Acid and alkaline catalysts used in transesterification reaction. 
S. No. Acid catalysts Alkaline catalysts References  
1 Hydrochloric acid (HCl) Sodium methoxide (SM) [65] 
2 Sulphuric acid (H2SO4) Sodium hydroxide 
(NaOH) 
[65] 
3 Boron trifluoride (BF3) Potassium hydroxide 
(KOH) 
[66] 
 
 
 
 
 
  
38 
 
Table 4. Oil Content of different species of microalgae and other energy crops (adapted from 
Rekha et al., 2012). 
S. No.  Name of species Oil content (% dw) References  
1.  Ankistrodesmus 28–40 [73] 
 
2.  Botryococcus braunii 
 
29–75 [74, 75] 
3.  Chlorella sp. 29 [76] 
4.  Dunaliella tertiolecta 
 
36–42 [39,77] 
5.  Isochrysis sp. 7–33 [78] 
6.  Thalassiosira pseudonana 21–31 [79] 
7.  Cylindrotheca sp. 
 
16–37 [70] 
8.  Nannochloropsis salina 32.13 [80] 
 
9.  Nitzschia sp. 
 
45-47 [80] 
10.  Phaeodactylum tricornutum 
 
20-30 [80] 
11.  Schizochytrium sp. 50–77 [25] 
12.  Heterotrophic C. protothecoides 
 
57.9 [25] 
13.  C. protothecoides 18 
 
[20] 
14.  C. marina 70.00 [20] 
15.  S. costatum 87.00 [20] 
16.  Chlorella minutissima 57 [11] 
17.  Chlorella sorokiniana 22 [81] 
18.  Nitzchia sp. 45–47 [82] 
19.  Castor 33.40 [81] 
20.  Jatropha 62.20 [81] 
21.  Coconut 57.40 [81] 
22.  Soyabean 9.40-37.80 [81] 
23.  Ground nut 51.20 [81] 
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Table 5. Some notable bio products of microalgae with their numerous industrial 
applications. 
S.No. Products Industrial activities / applications References 
1.  Caretenoides 
 
Cosmetic industry; rich source of pro- 
vitamin A.  Acts as safeguard to skin 
from UV light.  
[86] 
2.  Phycocolloids 
 
Pharmaceuticals; these are 
polysaccharides having antitumor. 
Anticoagulant, antioxidant and 
antiviral activity.  
[87] 
 
3.  Lectins Cell biology; Lectins are 
carbohydrates binding proteins, found 
in many biological membranes. It can 
be best studied in agro bacterium 
tumefacien based infection of 
nodules. 
[88] 
 
4.  Mycosporine-like 
amino acids 
(MACs) 
Cosmetics and chemical industries; 
algae have proficiency to synthesize 
MACs while other organisms get it 
by mutual transfer. 
These are used as UV light guards 
and used in number of products such 
as cosmetics, paints, varnish, plastics, 
and medicines etc.  
[89] 
5.  Terpens and 
latexes 
Pharmacological industry; these are 
prehalogenating compounds with 
pharmacological activities against 
number of bacteria, viruses and 
tumors.  
[90] 
6.  Polyketides Pharmaceutical industry; used as 
chemotherapeutic agents in 
pharmaceuticals for synthesis of 
many antibiotics such as tetracycline. 
[91] 
7.  Toxins/ Harmful 
Algal Bloom 
(HAB) 
Causes health hazard to human and 
other organism.  
[92] 
 
8.  PUFA (poly 
unsaturated fatty 
acids) 
Food industry as Food supplement [84] 
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Table 6. Summary of microalgae with their benefits and applications in different areas. 
S. 
No. 
Benefits of  
microalgae 
Applications in industry and 
environment 
References 
1.  Productivity Energy Industry- Microalgae have 300-
times high oil production potential per 
hectare than other energy feedstock.  
Beside that the utilization of amino acids of 
algae biomass alongside fatty acids 
increases the economic basis of the 
biodiesel production process. 
[68] 
2.  Non-
competitive 
with 
agriculture 
Agricultural field- It can be grown on salty 
water, sewage and non-cultivable land such 
as arid soil. 
Microalgae do not show land effect and 
food vs. fuel debate.  
Microalgae production do not require 
herbicides and pesticides.  
[37] 
3.  Mitigation of 
CO2 
Environment- Fixation of CO2 into value 
added products. 
Burning of algal fuel release CO2 like fossil 
fuel but unlike fossil fuel the CO2 is 
absorbed from the atmosphere by the algae 
to grow again (carbon neutral process). 
[109] 
4.  Broad 
spectrum 
Products 
delivery 
Different Industries- Cellular components 
of microalgae are feed stock for number of 
value added products Such as biofuel, 
biomethane and biohydrogen. 
Microalgae can produce more than 15,000 
noble products, some of those have 
discussed earlier. 
[84] 
5.  Treatment of 
waste water 
Environment- Microalgae can use dairy 
farm based, industrial and municipal waste 
water containing high nutrients such as 
nitrogen and phosphate in growth media for 
its duplication. 
Simultaneously treatment of water with 
application of microalgae can hamper the 
cost effectiveness of production process. 
[111] 
 
6.  Cost 
effectiveness  
Cosmetic/food Industry- Biorefinery 
products such as biodiesel derived glycerol, 
used as substrate in many industries. 
Glycerol can be further converted into high 
commercial value added products such as 
succinic acid, ethylene glycol and Di-
hydroxyacetone etc.  
[86] 
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7.  Feedstock 
Production 
Environment- Conserve Natural Resources, 
Protect Virgin and Other High-Value 
Habitats, Encourage Sustainable Crops and 
Improve Degraded Lands. 
[84] 
8.  Other uses Pharmaceuticals- Microalgae can be used as 
food supplements in the form of tablets, 
powder. 
Also used as biofertilizer in agricultural 
field. 
[87] 
 
9.  Zero waste 
production 
Environment- Recycling of waste and 
utilization of residual biomass in animal 
feed industries or as manure in agriculture. 
[111] 
10.  Increase in 
socioeconomic 
development 
Economy- Socioeconomic development will 
come in the form of increase in agriculture 
sector of food crops and rural livelihood via 
increasing jobs. 
[111] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
